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ABSTRACT

Binding of nucleotides and their derivatives is one of the most ancient elementary functions dating back to the
Origin of Life. We review here the works considering one of the key elements in binding of (di)nucleotide-
containing ligands — phosphate binding. We start from a brief discussion of major participants, conditions, and
events in prebiotic evolution that resulted in the Origin of Life. Tracing back to the basic functions, including
metal and phosphate binding, and, potentially, formation of primitive protein-protein interactions, we focus here
on the phosphate binding. Critically assessing works on the structural, functional, and evolutionary aspects of
phosphate binding, we perform a simple computational experiment reconstructing its most ancient and generic
sequence prototype. The profiles of the phosphate binding signatures have been derived in form of position-
specific scoring matrices (PSSMs), their peculiarities depending on the type of the ligands have been
analyzed, and evolutionary connections between them have been delineated. Then, the apparent prototype that
gave rise to all relevant phosphate-binding signatures had also been reconstructed. We show that two major
signatures of the phosphate binding that discriminate between the binding of dinucleotide- and nucleotide-
containing ligands are GxGxxG and GxxGxG, respectively. It appears that the signature archetypal for
dinucleotide-containing ligands is more generic, and it can frequently bind phosphate groups in nucleotide-
containing ligands as well. The reconstructed prototype’s key signature GxGGxG underlies the role of glycine
residues in providing flexibility and interactions necessary for binding the phosphate groups. The prototype also
contains other ancient amino acids, valine, and alanine, showing versatility towards evolutionary design and
functional diversification.

1. Introduction

mechanisms and stereochemistry (Davidi et al., 2018; Riziotis and
Thornton, 2022). The protein evolution is a complex hierarchical (Aziz

The work of physics and chemistry in abiogenesis delivered the so-
called primordial soup (Miller, 1953; Miller and Urey, 1959) with
basic elements (Goncearenco and Berezovsky, 2015) and consumables
(Xie et al., 2015) of the emerging biological world (Romero Romero and
Rabin, 2016), establishing building blocks for future biomolecules
(Romero Romero and Rabin, 2016; Berezovsky et al., 2000; Eck and
Dayhoff, 1966), and introducing basic rules for their functions (Gon-
cearenco and Berezovsky, 2015; Noor et al., 2022). Starting from only
few basic chemical reactions acting in the very beginning of biological
evolution (Goncearenco and Berezovsky, 2015; Noor et al., 2022;
Berezovsky et al., 2017a), the protein function was shaped by the re-
quirements on the thermodynamics and kinetics of reactions, their

et al., 2016; Dokholyan and Shakhnovich, 2001) process with several
major stages (Nath et al., 2014; Trifonov et al., 2001; Siddiq et al., 2017;
Trifonov and Berezovsky, 2002, 2003), including those of short prebi-
otic peptides (Eck and Dayhoff, 1966; Trifonov et al., 2001; Seal et al.,
2022) and of ring-like structures (Berezovsky et al., 2000; Berezovsky
and Trifonov, 2001a, 2001b) with elementary functions (Goncearenco
and Berezovsky, 2010, 2011, 2015; Trifonov et al., 2001; Berezovsky
et al., 2003a, 2003b; Alva et al., 2015; Berezovsky, 2019), followed by
the stage of small (Goncearenco and Berezovsky, 2015; Romero Romero
and Rabin, 2016; Raanan et al., 2020) highly stable functional domains
(Zeldovich et al., 2006; Berezovsky, 2003; Trudeau et al., 2016) formed
via fusion of respective short genes (Trifonov et al., 2001; Roy et al.,
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1999; Sato et al., 1999), and, finally, complemented by the emergence of
multi-domain and oligomeric proteins (Goncearenco and Berezovsky,
2012, 2015; Aziz et al.,, 2016; Trifonov et al., 2001; Aziz and
Caetano-Anolles, 2021), protein assemblies, and molecular machines
(Berezovsky et al., 2017a, 2017b). The protein function was under the
constant selection pressure throughout this evolutionary path, adapting
to different extreme environments (Berezovsky, 2011; Berezovsky and
Shakhnovich, 2005; Goncearenco and Berezovsky, 2014; Goncearenco
et al., 2014; Ma et al., 2010) and their combinations (Goncearenco and
Berezovsky, 2014; Goncearenco et al., 2014; Amangeldina et al., 2024)
and invoking a number of additional regulatory mechanisms, such as
post-translational modifications (Berezovsky et al., 2017a; Johnson and
O’Reilly, 1996; Mitternacht and Berezovsky, 2011), allostery (Guarnera
and Berezovsky, 2016, 2019a; Tee et al., 2021, 2022), order-disorder
transition as triggers of signaling and regulation (Mughal and
Caetano-Anolles, 2023; Tee et al., 2020), intermolecular interactions
(Aziz et al., 2016) and even fold switching (Dishman et al., 2021). While
a contemporary molecular function and protein function, in particular,
is a complex and hierarchical phenomenon (Aziz et al., 2016; Aziz and
Caetano-Anolles, 2021), the descendants of its basic elements arrived
from prebiotic evolution (Siddiq et al., 2017) are still present and play
an important role in a diversity of biochemical transformations and
other functions (Noor et al., 2022).

2. Function from fragments: from the start in prebiotic world to
the emergence and evolutionary design of protein folds and
functions

A vast literature describes potential ways and proposes models of the
protein domain formation (Goncearenco and Berezovsky, 2015; Romero
Romero and Rabin, 2016; Berezovsky, 2003; Berezovsky et al., 2017b)
from smaller sub-domains units that existed in primordial folds of the
prebiotic world (Heizinger and Merkl, 2021). The origins of symmetry in
folds (Broom et al., 2012; Smock et al., 2016), providing a great
evolutionary advantage for their functions and regulation thereof (Tee
et al., 2022), attracted a specific attention, and received substantial
experimental support (Lee and Blaber, 2011). From the fold perspective,
on the other hand, the minimal structural units were described in a
classical Levitt and Chotiha work back in 1976 (Levitt and Chothia,
1976). Considering less than three dozen of available at that time pro-
teins with solved structures, authors of this seminal work came up with
the discovery of three commonly occurring folding units: a-a, $-f, and
B-a-p structural patterns. These and only few other basic structural units,
“bricks”, into which all soluble proteins and major folds can be easily
decomposed, are returns of the polypeptide chain or closed loops of
nearly standard size of about 25-30 amino acid residues (Berezovsky
and Trifonov, 2002a). The polymer nature and evolutionary importance
of closed loops, explaining the existence of a-a, p-f, and p-a-f structural
patterns (Levitt and Chothia, 1976), are discussed below (Berezovsky
et al., 2000, 2017b; Berezovsky and Trifonov, 2001a). Organization of
specific folds as a combination of distinct structural units representing
closed loops (Berezovsky and Trifonov, 2002a) can be exemplified by
the works on the structure of o/ff (Sterner and Hocker, 2005; Newton
et al., 2017) and B barrels, § propellers (Chen et al., 2011), repeat pro-
teins (Bella et al., 2008) to name a few. These works also reveal hidden
evolutionary connections between folds and functions (Goncearenco
and Berezovsky, 2010, 2011, 2015; Berezovsky et al., 2017b; Bharat
et al., 2008; Farias-Rico et al., 2014; Schneider et al., 2006) determined
by their elementary units — descendants of the first functional prototypes
(Goncearenco and Berezovsky, 2010, 2011, 2015; Romero Romero and
Rabin, 2016; Alva et al., 2015). A number of computational efforts
ranging from purely statistical high-throughput analysis of short
sequence segments (Kolodny et al., 2021; Nepomnyachiy et al., 2017;
Qiu et al., 2022) to classification of proteins with well-described shared
motifs (Schaeffer et al., 2016) and discussions of potential scenarios of
the fold formation (Goncearenco and Berezovsky, 2012, 2015; Longo
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et al., 2022a) indicate a non-weakening interest to evolutionary aspects
of protein function. Understanding of the discrete structure of modern
functional domains provides a strong motivation and foundation for
engineering and design efforts (Hocker, 2014; Khersonsky and Fleish-
man, 2016; Blaber and Lee, 2012; Lechner et al., 2018), which rely on
the building of desirable structures and functions from elementary units
(Berezovsky, 2019; Yin et al., 2021). Both, fragments of contemporary
proteins (Brunette et al., 2015; Huang et al., 2016; Pluckthun, 2015),
their reconstructed, simplified, but generic evolutionary prototypes
(Berezovsky, 2019; Yin et al., 2021), or de novo designed structural units
(King et al., 2015; Marcos et al., 2018) can be used depending on the
task.

2.1. Basic units of protein structure and function determined by the
polymer nature of proteins and shaped by the evolution

Considering diversity of folds and functions, their different evolu-
tionary histories, and several unique external factors that shaped their
current appearance and functionality, one may think of generalized
consideration of the “basic building block” approach. To this end, a
question about generic structure-function unit of proteins, which can be
obtained from the analysis of natural proteins and subsequently used in
the engineering and design efforts should be raised. Starting from the
stability perspective on the minimal unit of protein domain/fold
(Berezovsky et al., 1997, 1999), we asked what was the key determinant
of the universal basic structural unit of any globular protein regardless of
its size, secondary structure composition, or function (Berezovsky et al.,
2000). It appeared that the polymer nature of polypeptide chains
established a common basic elements of globular proteins (Berezovsky
et al.,, 2000; Berezovsky and Trifonov, 2001a; Berezovsky, 2003) —
closed loops or returns of the polypeptide chain of nearly standard size
of about 25-30 amino acid residues (Berezovsky et al., 2000, 2017b;
Berezovsky and Trifonov, 2001b, 2001c). We showed that this typical
size of the polypeptide backbone returns in contemporary proteins fairly
agrees with the estimate on the loop size on the basis of the ring-closure
probability theory (Shimada and Yamakawa, 1984; Yamakawa and
Stokmayer, 1972) and experimentally determined persistence length of
polypeptide chains with mixed amino acid composition (Schimmel and
Flory, 1967). Another important observation is that the size of closed
loops does not depend on the organism (prokaryotic or eukaryotic)
hosting the protein or on the specifics of the protein sequence, fold, or
secondary structure composition (Berezovsky et al., 2000, 2002, 2017b;
Berezovsky and Trifonov, 2001a). All the above corroborates the role of
closed loops, or polypeptide chain returns, as universal basic units of
globular proteins regardless of the differences in their secondary struc-
ture compositions, including the first common folding units described in
(Levitt and Chothia, 1976). Indeed, the a-a, B-p, and B-a-f structural
patterns represent genuine polypeptide chain returns, closure of which
is determined by their own structures, e.g. in case of the p-a-f closed loop
stabilized by the van der Waals lock between p-strands. The loop closure
can also be facilitated by additional interactions, such as van der Waals
locks (Berezovsky and Trifonov, 2001b; Koczyk and Berezovsky, 2008)
or other interactions with in the context of the overall structure of the
protein. Independent and diverse studies extending from the estimates
of the ancestral exon sizes (Roy et al., 1999) and centripetal structural
modules of proteins (Sato et al., 1999) to observation of the break in
power-low pattern of the protein fractal characteristic (Moret and
Zebende, 2007), as well as Delaunay (Taylor and Vaisman, 2006) and
Voronoi (Angelov et al., 2002) tessellations and other computational
experiments (Chintapalli et al., 2014; Yew et al., 2007) provide a clear
evidence of the structural and evolutionary relevance of closed loops.
Theoretical estimate of the contribution (Berezovsky and Trifonov,
2002b) and the hypothesis on the key role of closed loops in
co-translational protein folding (Berezovsky et al., 2001) are strongly
supported by experimental works (Ben Ishay et al., 2012; Ittah and Haas,
1995; Orevi et al., 2013) and further substantiated by the modelling of
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protein folding dynamics (Bergasa-Caceres and Rabitz, 2018) based on
the loop closure as a critical element of the process. Recently, an
involvement of closed loops in allosteric signaling in major folds was
shown to be a foundation for conservative structure-based allosteric
regulation of protein activity, which can be tuned and diversified in the
evolution of functional (super)families via mutations and other
sequence modifications (Tee et al., 2022).

Another evidence of the involvement of loop closure in cotransla-
tional folding was recently obtained in the statistical analysis of coding
sequences (Jacobs and Shakhnovich, 2017), which revealed genes’ loci
enriched with slowly translated codons associated with cotranslational
folding intermediates smaller than a single domain. It was proposed that
beneficial pause in synthesis should be separated by a distance similar to
the size of ribosome exit tunnel, which can conceal 30-40 residues of
nascent protein chain and help some intermediate tertiary structure
formation. Analyzing highly conserved regions of rare-codon enrich-
ment, authors, indeed, found a putative translational pause located ~30
residues downstream of a predicted intermediate (Jacobs and Shakh-
novich, 2017). Remarkably, both capacity of the ribosome exit tunnel
(Samatova et al., 2024; Thommen et al., 2017) and punctuation of
coding sequences with rare codons facilitate a formation of folding in-
termediates with the typical closed loop size. Virtual stability of folding
intermediates (Berezovsky and Trifonov, 2001b; Berezovsky et al.,
2001) and reduction of the available conformations upon their forma-
tion important for obtaining realistic folding times (Berezovsky and
Trifonov, 2002b) agree with the role of kinetics in driving of
self-assembly according to instructions written in the genetic code (Ja-
cobs and Shakhnovich, 2017).
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2.2. Engymatic function is built form elementary ones — descendants of
ancient prebiotic peptides

There is an increasing number of discussions of how everything
started some 3.5 billion years ago. Undoubtedly, the amount of
sequence/structure data and state-of-the-art experimental techniques
make it possible to dig deeper in the evolutionary history and to get fine
details of basic “actors” and mechanisms that started the Life. It is also
becoming possible to better observe an evolutionary transition to
contemporary diversity of structures and functions. It should be noted,
however, that remarkable envision on the role of first functional pep-
tides that gave rise to modern folds were made back in 1966 by Eck and
Dayhoff on the basis of a handful number of sequences (Eck and Dayhoff,
1966). These functional structures, dubbed “Dayhoff fragments”
(Romero Romero and Rabin, 2016), most probably existed and acted on
the second stage of protein evolution (Trifonov et al., 2001), preceding
formation of the first protein domains/folds upon transition from abiotic
(Trifonov and Berezovsky, 2002) to biological evolution (see Fig. 1 in
(Berezovsky, 2019) and discussion there). The Dayhoff fragments, in
turn, were apparently built from short linear peptides estimated by
different authors to be of sizes 3-8 (van der Gulik et al., 2009) or 5-6
(Trifonov et al., 2001) residues, respectively. The amino acid composi-
tion of these peptides was biased in favor of the most ancient amino
acids (Trifonov and Berezovsky, 2002; Trifonov, 1999), including G, A,
V, D, S, and E in order of their appearance documented in the amino acid
chronology (Trifonov et al., 2001; Trifonov, 2000). It was shown how
compositions of peptides enriched with few amino acid types were
related to their first abiotic, then biological functions. For example,
search for traces of prebiotic peptides in sequences of protein structure
database (PDB) revealed three Aspartic-rich (D-rich) signatures binding
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Fig. 1. Sequence/structure signature of the phosphate binding in dinucleotide-containing ligands and its representatives in different biochemical
functions. Left panel: Adrenodoxin reductase (PDB ID: 1ps9, nucleotide-binding domain fold) with its elementary functional loops. The glycine-rich motif with a
characteristic signature GxGxxG (magenta bulb in the center) binds phosphates in dinucleotide-containing flavin adenine dinucleotide (FAD) and nicotine adenine
dinucleotide phosphate (NADP). Set of structures with representatives of GxGxxG signature, showing that it is used in different functional superfamilies and folds:
¢.111.1.1 is activating enzymes of the ubiquitin-like proteins fold; c¢.2.1.5 — NAD(P)-binding Rossmann-fold; c.4.1.3 — nucleotide-binding domain; ¢.3.1.8 - FAD/NAD

(P)-binding domain.
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mainly Mg2+: D[FY]DGD, DGD[GA]D, and DAKVGDGD, containing a
generic motif DGD that was seemingly their common ancestor (van der
Gulik et al., 2009). All three signatures are involved in functional
manipulation of phosphate groups. This observation prompted authors
to conclude that along with a binding of metal ions, interactions with a
phosphate could be a very important function in the Origin of Life (van
der Gulik et al, 2009). Structure-guided sequence analysis of
metal-binding proteins also pointed to the ancient origin of the metal
binding D-rich signatures that evolved from binding Mn?* and Fe?* to
interactions with other metal ions and hemes (Bromberg et al., 2022).
The so-called EF-hand with a signature DxDxDG that binds Ca®* and
Mgt and characteristic helix-turn-helix structural motif is also believed
to have a long evolutionary history (Gifford et al., 2007), being pre-
sented in folds of all structural classes (Rigden and Galperin, 2004).
Analysis of the oxidoreductase superfamily (Raanan et al., 2020) not
only confirms early start of the CxxC as a common pattern of signatures
that bind different metals (Goncearenco and Berezovsky, 2011). It also
establishes a structural link between the metal- and phosphate-binding
signatures carried in the same p-a-p structural unit — genuine closed
loop and, potentially, one of the first “Dayhoff fragments” capable to
safely carry primitive elementary functions. Overall, the repertoire of
ancient peptides’ functions was seemingly limited to metal and phos-
phate binding, and the latter is a main topic of this review discussed
below. Remarkably, a characteristic Gly-rich signature of the phosphate
binding may also serve as a host of another important function. It ap-
pears that Gly-rich tracts show an ability for the phase separation and
self-assembly (Kar et al., 2021), which could result in evolutionary
development of sequence/structures patterns with a structural function
of protein-protein interactions. In general, most of the ancient functional
signatures are carried by either B-a-f closed loop locked by the van der
Waals lock (Berezovsky and Trifonov, 2001b) formed by two p-strands
flanking the a-helix, or by the B-turn-a and o-turn-a returns of the pro-
tein backbone stabilized within a context of the overall fold. The phos-
phate (or other ligand) and metal binding signature is typically located
in the turn segment of returns and in the turn between first § and o el-
ements of the p-a-f closed loop. In the latter, the second f-strand may
contain an additional aspartic acid residue involved in coordination of
the metal (Cronet et al., 1995; Laurino et al., 2016), making two most
ancient elementary functions to work together.

Moving on to general consideration of the structural role of closed
loops in protein evolution (Berezovsky et al., 2000, 2017b; Berezovsky
and Trifonov, 2001a) and their involvement in protein function, it was
shown that the proteomic code (Berezovsky et al., 2003a) can be derived
and used for “spelling” (Berezovsky et al., 2003b) protein sequences of
contemporary proteins and annotating their functions. We introduced
the operational definition of the elementary functional loop (EFL
(Goncearenco and Berezovsky, 2015),) as the unit of structure and
function formed by the closed loop (or return of the protein backbone)
characterized by the specific sequence with functional residue(s). The
EFL form the biochemical function of a protein in combination with
other functional residues provided by EFLs of this protein. The evolu-
tionary prototypes of EFLs possess common sequence signatures
unraveling deep evolutionary connections between different enzymatic
functions (Goncearenco and Berezovsky, 2010), which could not be
detected in the analysis of sequences of modern proteins. Therefore, we
developed a rigorous statistical approach for derivation of the EFLs
prototypes (Goncearenco and Berezovsky, 2011): simplified ancient
signatures represented by corresponding EFLs not existing in modern
proteins. The fundamental distinction of prototypes lies in their deri-
vation from sequences of unrelated proteins from distant (super)families
and even different protein folds (Goncearenco and Berezovsky, 2011).
Therefore, contrary to ancestral reconstructions, typically obtained from
phylogenetic trees of considered functional superfamilies and giving the
origins of functional signatures in this superfamily, the prototypes allow
to find their representatives in proteins with no apparent phylogenetic,
structural, or functional connections (Goncearenco and Berezovsky,
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2015).

2.3. Phosphate binding is one of the cornerstone functions arrived from
the prebiotic world

The finding of distant evolutionary connections can be exemplified
by the analysis of the evolution of protein function in Archaea (Gon-
cearenco and Berezovsky, 2012), revealing a handful number of func-
tions, including ABC transporters, transferases, helicases,
aminoacyl-tRNA synthetases, transcriptional regulators, in which sig-
natures of elementary function were presented (Goncearenco and
Berezovsky, 2012). The signatures of the phosphate binding in mono-
and dinucleotide containing ligands with generalized patterns GxxGxGK
[ST] and GxGxxG, respectively (Goncearenco and Berezovsky, 2010),
were among the most omnipresent EFLs. The nucleotide-peptide binding
is believed to be the one of the most ancient functions (Goncearenco and
Berezovsky, 2010, 2012, 2015) dating back to the Origin of Life (Gon-
cearenco and Berezovsky, 2015; Romero Romero and Rabin, 2016;
Trifonov et al., 2001). This intricate connection was established by the
emergence and evolution of the triplet code that also determined a
temporal order of amino acids (Trifonov, 2000), which, in turn, started
interactions between these molecules and exposed them to evolution
(Trifonov et al., 2001). In general, studies of related elementary func-
tions in contemporary proteins show that binding of
nucleotide-containing ligands is present in a wide spectrum of protein
functions (Goncearenco and Berezovsky, 2015; Berezovsky et al.,
2017b), as they are indispensable role in corresponding biochemical
reaction (Goncearenco and Berezovsky, 2015; Berezovsky et al., 2017b).

Fig. 1 shows an example of a wide representation of the Gly-rich
signature (all the signatures here are obtained with the protocol
described in Supplementary File and illustrated by Supplementary Fig-
ures; see also our earlier works (Goncearenco and Berezovsky, 2015;
Goncearenco and Berezovsky, 2010; Goncearenco and Berezovsky,
2011) for further details) of the phosphate binding in
dinucleotide-containing ligands in several biochemical functions, as
well as three distinct roles of the phosphate binding in one at the same
enzyme (left panel). The latter is adrenodoxin reductase, which is the
iron-sulphur flavoenzyme required for the metabolism of unsaturated
fatty acids (Hubbard et al., 2003). It contains three (!) EFLs of the
nucleotide-containing ligand binding: two elementary functions work
for binding of FAD and NADP - both are dinucleotide-containing li-
gands, and one more EFL binds the FMN - the nucleotide-containing
ligand. The function of the protein is initiated by the NADPH binding
and transfer of the hydride from NADPH to FAD. The latter, then,
transfers electrons to FMN, which, being fully reduced, provides a hy-
dride ion to the substrate. This protein is an excellent example of the
importance and multiple utilization of the same elementary function in a
complex biochemical transformation. At the same time, it also shows
how the overall function of a protein can be formed from several
different elementary ones (see, for example, magenta, yellow, and green
EFLs and their sequence signatures in the left panel). The right panel on
the other hand, shows representation of the dinucleotide-containing
binding EFL with generic signature GxGxxG in other proteins with
different functions. Noteworthy, it is quite common to find several EFs
comprising over biochemical function of the protein exemplified in
Fig. 1. Another interesting case that we explored based on the profi-
le/prototype reconstruction includes detection of structural EF working
in the formation of the homodimer interface (Lasry et al., 2012). Starting
from the original task to derive and describe EF of Zn binding (Kambe
et al., 2021) formulated by experimental group, we found and derive
unknown profile of another EF that provides stabilization of the
homodimer. As a result, original hypothesis and conclusions of previous
experiments were reconsidered, leading to the inference and demon-
stration of the critical role of the homodimer formation for efficient
transmembrane Zn>* transfer (Lasry et al., 2012).

Because of the omnipresence of the phosphate binding elementary
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functions, corresponding sequences and their specific function-related
characteristics became a subject of active studies and discussions
(Moller and Amons, 1985; Saraste et al., 1990) soon after it was first
discovered (Walker et al., 1982). While it started from the originally
proposed simplified signature GxxxxGK[ST] (called the P-loop or
Walker A motif) obtained on a very limited data (Moller and Amons,
1985; Walker et al., 1982), already a decade later the function and
consensus motifs of nine signatures for both nucleotide- and dinucleo-
tide binding were considered (Traut, 1994). Presence of structurally
conserved P-loop in widely varying functions, such as muscle contrac-
tion in myosin, signal transduction in G protein, phosphoryl transfer in
adenylate and guanylate kinases, glutathione synthases, nucleotidyl
transferases, oxidoreductases, elongation factors were appreciated and
discussed already in mid-1990th (Smith and Rayment, 1996; Kinoshita
et al., 1999), introducing a whole universe of the P-loop constellations
known today (Goncearenco and Berezovsky, 2010, 2015; Berezovsky,
2019; Longo et al., 2020a; Zheng et al., 2016). For example, some works
focused on the recognition and binding of phosphate in specific ligands
or groups thereof. For example, importance of the phosphate binding
signature for molecular recognition was shown in the analysis of four
different FAD-binding protein families: glutathione reductase, ferre-
doxin reductase, p-cresol methyl hydroxylase, and pyruvate oxidase
(Dym and Eisenberg, 2001). The Adenine recognition in ATP, CoA, NAD,
NADP, FAD and other adenine -containing ligands was shown to be
provided by the “adenine-binding motif present in ancient proteins and
common to all current structures” (Denessiouk et al., 2001). With an
increase of the sequence/structure data it became apparent that few
major structural types, including P-loop, FAD/NAD(P)-binding fold,
Rossmann-like folds, represent the diversity of the phosphate binding in
different folds and functions (Brakoulias and Jackson, 2004). The
structure-based derivation of the phosphate binding sequence motif
revealing major sequence signatures was shown to be an alternative way
for obtaining the typical signatures on the basis of the 3D conservation
of corresponding structural motifs (Hua et al., 2014).

Several works produced by the Dan Tawfik’s group and his collab-
orators focused on the evolutionary aspects of the phosphate binding,
from the very beginning in prebiotic evolution to diversification in
different biochemical functions and its subsequent evolution withing
corresponding folds and their enzymatic activities. For example,
exploring Rossmann and Rossmann-like structures that bind different
nucleotide-containing cofactors authors showed that they served as a
platform for distinct chemistries taking place in corresponding
biochemical functions (Laurino et al., 2016). Further studies also
showed that many domains that bind (di)nucleotide-containing signa-
tures, such as HUP, flavodoxin, TIM-barrel, P-loop, and different Ross-
manns emerged from the short peptide containing the phosphate
binding signature currently located in the N-helix site (Longo et al.,
2020b). It was also shown that simple P-loop signature in f-turn-o
polypeptides possess weak helicase function, being capable to bind
ssDNA and RNA and to facilitate unwinding dsDNA upon addition of
NTPs or inorganic phosphates (Vyas et al., 2021). The work on HUP
domain showed an interesting example of the phosphate bindings’
evolutionary usage: it was complemented by another conserved signa-
ture of the ribose binding, resulting in a specification by addition of new
elementary function (Gruic-Sovulj et al., 2022). One more example of
the function built around the phosphate binding is the CoA-binding
Nat/Ivy protein (Longo et al., 2022b). This study was inspired by late
Dan Tawfik, showing his great legacy in the protein function and evo-
lution research in general and illuminating contribution into the un-
derstanding of one of the key elementary functions — the phosphate
binding (Romero Romero and Rabin, 2016; Laurino et al., 2016; Longo
et al., 2020a, 2020b; Romero et al., 2018).

The fundamental Tawfik’s group contribution in the above topic is
summarized by the work on P-loop NTPases and Rossman proteins
(Longo et al., 2020a). It shows that while the former catalyzes the
phosphoryl transfer, the latter provides a handle for binding of different
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ligands, raising a question a question about divergence versus conver-
gence as an evolutionary scenario of their emergence. At the same time,
the work clearly demonstrates that all considered cases are based on the
common f-a-p motif (also described as a closed loop (Berezovsky et al.,
2000; Berezovsky and Trifonov, 2001a; Berezovsky and Trifonov,
2001b; Berezovsky et al., 2002) or supersecondary structure element
(Levitt and Chothia, 1976)) dominated by Gly (Trifonov, 1999) and few
other ancient amino acids (Trifonov, 2000), allowing one to hypothesize
the common origin of all phosphate binding elementary functions in the
whole diversity of contemporary proteins. One of the most recent works
inspired by Dan Tawfik and finished by his colleagues further supports
this hypothesis, unraveling the key role of the phosphoryl transfer as a
fundamental reaction in the cellular metabolism existing from the origin
of enzymes (Vyas et al., 2023). The whole spectrum of elementary
functions with a detail description of the biding specifics of all compo-
nents of (di)nucleotide-containing ligands is accumulated in the nucle-
otide binding database (NBDB, https://nbdb.bii.a-star.edu.sg (Zheng
et al., 2016),), which became an inspiration and reliable data source for
a number of works exploring the evolution, function, and design po-
tential of the (di)nucleotide-containing ligand binding (Heizinger and
Merkl, 2021; Nepomnyachiy et al., 2017; Yin et al., 2021; Longo et al.,
2020a, 2020b, 2022b; Chu and Zhang, 2020; Kolodny, 2021; Romer-
o-Romero et al., 2021; Narunsky et al., 2020; Bhagavat et al., 2017).

2.4. The phosphate binding and derivation of its ancient prototype

Diversity of the GxGxxG’s representatives of the phosphate binding
in dinucleotide-containing ligands discussed above (Fig. 1), its high
similarity to the phosphate binding in nucleotide-containing ligands
(with GxxGxG generic signature), as well as earlier observations hinting
on their possible common origin from more generalized and simplified
Gly-rich prototype (Goncearenco and Berezovsky, 2010, 2015; Bere-
zovsky, 2019) call for a back in time journey to see potentially most
ancient simple prototype of the phosphate binding. It would be impor-
tant to reconstruct it, to see peculiarities that made it work then, in the
very beginning of protein evolution, and provided a potential for
evolving into a current repertoire of the structure- and functional (super)
family-specific corresponding elementary functions (Goncearenco and
Berezovsky, 2010, 2015; Berezovsky, 2019). To this end, we performed
here a simple experiment on the prototype reconstruction, which is
briefly described and illustrated below. The phosphate binding profiles
were derived based on 10,804 structures downloaded from the Protein
Data Bank (PDB), which contain 23 ligands (Suppl. Table S1). The
30-residue long sequences comprise the dataset of phosphate binding
fragments collected from the above PDB structures. These fragments
were originally grouped based on the similarity in protein-ligand in-
teractions described in corresponding non-redundant PDB structures.
The set of profile-origins (or origins) in form of PSSM, where each origin
was built from corresponding group of sequences, was obtained (See
Appendix in Suppl. File 1 and Suppl. Figures land 2). The
glycine-enriched signatures presented in Fig. S3 were annotated and
subjected to iterative merging procedure (see Appendix in Suppl. File 1
for details). The goal was to obtain the generalized prototype of the
phosphate binding signatures in (di)nucleotide-containing ligands. The
profile signature-detection power is increasing upon merger (Suppl.
Fig. S4), yielding more generic profiles that recognize more individual
signatures of different mono- and dinucleotide containing ligands. The
procedure based on the profiles’ similarity (Suppl. Fig. S3) resulted in
the glycine-rich prototype with GxGGxG -characteristic signature
(Fig. 2).

Fig. 2 presents the “Phosphate-Binding Prototype Circle” — a dia-
gram, illustrating a relationship between the sequences and structures of
MONO/DI profiles and of the most generic Gly-rich PROTOTYPE ob-
tained in the reconstruction procedure (See Appendix and Suppl.
Figs. S1-S3). The diagram also shows few typical specific representa-
tives working in the phosphate binding of different (di)nucleotide-
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Fig. 2. The “Phosphate-Binding Prototype Circle” - a diagram of the relationship between the DI-/MONO-Profiles and the Gly-rich Prototype. DI and
MONO signatures in the center show the generalized profiles for the phosphate binding in nucleotide- and dinucleotide-containing ligands. The PROTOTYPE logo
describes presumable ancient ancestor of the glycine-rich phosphate-binding signatures that exist in contemporary proteins.

containing ligands. The MONO profile is built from signatures of profiles
that recognize the nucleotide-containing ligands, whereas DI profile —
from the sequences of elementary functional loops binding the
dinucleotide-containing ligands. Notably, the representative signatures
of the MONO profile mostly shows interactions with phosphate group
regardless of the type of the ligand. The signatures of the DI profile
reveal more diverse interactions with several moieties of corresponding
ligands.

Fig. 3 presents selected examples of interactions between the (di)
nucleotide-containing ligands and the phosphate-binding signatures,
illustrating characteristic distinctions in corresponding sequence pat-
terns of the phosphate binding. Specifically, most of the patterns for
dinucleotide-containing ligands reveal three positions with high fre-
quency of glycine in them contained in the six-seven residue central
segment, which is flanked by four-residue hydrophobic pattern (with
preference for valine, isoleucine, and leucine in order of decreasing
frequency of these residues) on the left side and notably preferred
alanine on the fourth position of the right flank. The signatures of
phosphate binding in nucleotide-containing ligands are characterized by
the preference of glycine in more positions, which is also complemented
by the presence of charged residues (aspartic/glutamic acids and lysine)
in some other positions. Noteworthy, higher presence of glycine in
several positions in case of interactions with nucleotide-containing li-
gands coincides with domination of signature’s interactions with phos-
phate groups of ligands, including nucleotide-free PLP and TPP, which
may serve as another indication of the phosphate binding as the original
function of the Gly-rich signature.

Fig. 4 provides further details of the most conserved interactions
typical for the generic Gly-rich prototype (center) in case of nucleotide-
(center, top) and dinucleotide-containing (center, bottom) ligand bind-
ing. The most conserved interactions detected by the prototype are
shown in the central row: for nucleotide-containing (upper histogram)
and dinucleotide-containing (bottom histogram) ligands. Conservation
of interactions for the MONO (top) and DI (bottom) profiles and for their
contributions to PROTOTYPE (middle) is calculated as frequencies of
interactions between residues of binding signatures comprising the

profile and atoms of bound ligands. The highest frequency contacts are
shown in corresponding histograms in Fig. 4. Conservation of contacts
observed with generalized profiles of the phosphate binding in
nucleotide-containing (top level) and dinucleotide-containing (bottom
level) ligands is in a good agreement with those obtained for the PRO-
TOTYPE (central level). It also shows more specific conserved in-
teractions observed for MONO and DI profiles representing the
phosphate binding in nucleotide- (top) and dinucleotide-containing
(bottom). Despite less diversity of dinucleotide-containing ligands, the
DI profiles and PROTOTYPE’s signatures show interactions with all
three moieties of ligands, sugar, phosphate, and base, which are deter-
mined mostly by the interactions with NAD. The MONO profiles reveal
only two positions on the left interaction with ribose, while others make
contacts with the phosphate. Noteworthy, while conserved interactions
of the MONO profile are chiefly determined by Adenine/Guanine-
containing ligands, the Gly-rich prototype’s interactions are strongly
affected by the PLP-protein interactions (Fig. 3). In case of DI profile, its
interactions (histogram in the bottom) are very similar to those of the
Prototype (bottom histogram in the center).

Fig. 5 shows the connection between the binding specificity of sig-
natures, profiles, and the Prototype in relation to similarity between
bound ligands. The ligand similarity consideration clearly detects two
groups of the most present nucleotide-containing (ATP, ADP, GDP)
dinucleotide-containing (NAD(H/P), FAD) ligands. Of note, nucleotide-
containing ligands are well recognized by both generalized profiles of
the phosphate binding in nucleotide-containing (Mono_Profiles) and
dinucleotide-containing (Di_Profiles) ligands, as well as by the very
general Prototype, which was the goal of this reconstruction. The
dinucleotide-containing group (NAD(H/P), FAD), however, is prefer-
entially recognized by its specific profiles and by the Prototype. Inter-
estingly, that one of the simplest ligands not even having the nucleotide
moiety at all, but included as one of the most relevant simple phosphate-
containing ligands, the Pyridoxal-5’-phosphate (PLP), is also recognized
by only Di_Profile and its more specific representatives. These obser-
vations agree with previously suggested role of the phosphate binding in
dinucleotide-containing ligands as a handle for binding of other
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substrates (so-called, Rossmann signatures with generalized pattern
GxGxxG), while the phosphate binding in nucleotide containing ligands
(P-loop NTPases, GxxGxGK[TS]) are considered as functional motifs
facilitating the phosphoryl transfer (Noor et al., 2022). More details on
conservatism of interactions between the phosphate-binding signatures
and the atoms of ligands mapped on the DI-/MONO-profiles and on the
Gly-rich Prototype are provided in Suppl. Fig. S5.

Lastly, we review a structural diversity of folds with functions that
involve the binding of (di)nucleotide-containing ligands. The structural
annotation of proteins containing specific and generalized profiles
(Mono_profile, Di_profile, and the Prototype shown as GxGGxG) reveals
domination of the a/p and a+p folds (Fig. 6). The a/p-sandwiches
(typically, three-layer, including c.37.1, ¢.36.1, c.48.1 c¢.55.1, and
others) and p/a-barrels (e.g., c.1.4 and c.1.5) constitute most fold types
representing the a/p (c-class) proteins. The major basic unit of both
types of above folds is the p-a-p closed loop (Berezovsky and Trifonov,
2001a, 2001b, 2002a) or its variant — the f-a return of the protein
backbone — built in and stabilized in the context of the overall fold
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Fig. 3. Examples of G-enriched profiles in the set of considered signatures. Examples of atom interactions via hydrogen bonds between (di)nucleotide-con-
taining ligands and signatures. The binding of ligands of mono-nucleotide specific signatures extensively relies on the hydrogen bonds between phosphate moiety and
glycines. The dinucleotide binding signatures interact with ligands in a more diverse way, including more interactions with other ligand moieties, especially ribose.

(Goncearenco and Berezovsky, 2010, 2015; Berezovsky et al., 2017b). In
both cases the underlying structural unit is apparently a descendant of
the ancient ring-like peptide, a potential member of the “Dayhoff frag-
ment” cohort, which is embedded in modern folds (Berezovsky et al.,
2000, 2002, 2017b; Berezovsky and Trifonov, 2001a, 2002a). The
generic polymer origin of closed loops regardless of their secondary
structure compositions or those of the overall folds is further corrobo-
rated by the analysis of the a+f (d-class) proteins (e.g., d.48.1, d.56.1,
d.58.2, d.128.1 and others in Fig. 6). These folds are also characterized
by mostly layered architectures formed from an extended repertoire
(complemented, for example, by the a- and p-hairpins) of protein chain
returns. Thus, a persistence of protein chain returns (Berezovsky et al.,
2002) and its omnipresence in all protein classes supports the emergence
of modern domains/folds as combinations of “Dayhoff fragments” in
form of ring-like peptides (Goncearenco and Berezovsky, 2012, 2015;
Berezovsky et al., 2017b), which were eventually decorated with the
secondary structure elements (Berezovsky and Trifonov, 2001a, 2002a)
that facilitated diversification into different architectures emerged in the
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Fig. 4. The most conserved interactions between residues of the phosphate

evolution of protein structure and function. Importantly, the phyloge-
nomic analysis of gene ontology data (Koc and Caetano-Anolles, 2017)
complements a picture of the evolution of molecular function with a
chronology of cofactors’ usage by SCOP families (Murzin et al., 1995).

Two major superfamilies are p-loop NTPasas detected by the
Mono_profile and NAD(P)-binding Rossmann fold domains found by the
Di_profile. In agreement with an observation on the similarity of profiles
and their potential to find matches on corresponding proteins, Di-profile
can detect elementary functions of the phosphate binding also in
nucleotide-containing ligands present in P-loop NTPases (c.37.1,
c.111.1, and some others). Notably, the Di_profile finds elementary
function of the phosphate binding for ATP and ADP ligands and, in
general, it seems to be very generic detecting the binding in most of the
functional families. It can also be related to the presence of only three

binding signatures and atoms of the (di)nucleotide-containing ligands.

major profiles working in dinucleotide-containing ligand binding, NAD
(H), NADP, and FAD(H), whereas nucleotide-containing ligands require
many distinct and more specific profile signatures. (Fig. 6). It also agrees
with the more demanding role of the P-loop working on the phosphoryl
transfer, helicase activity, and its involvement into binding of different
cofactors all of which require more specificity of sequence and structure.
The Di_profile characteristic for Rossmann and Rossmann-like folds
indicate the function of the “handle provider for binding of other sub-
strates”, hence less specific and working generically in different
biochemical functions (Noor et al., 2022). Comparative analysis of
proteomes corroborates existence of common and widely reused struc-
tural, functional, end evolutionary units (Caetano-Anolles et al., 2021).
Starting from building folds from the Dayhoffs ring-like peptides, de-
scendants of which were described as super-secondary structure
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elements by Levitt and Chothia (1976) and presented in modern proteins
in form of the returns of the protein backbones (Berezovsky et al., 2000,
2002; Berezovsky and Trifonov, 2001a, 2001c¢), the evolution proceeded
into building of new and more complex structures, gaining new func-
tions, and their combinations (Caetano-Anolles et al., 2021). A
graph-theoretical approach aimed at tracing the emergence of protein
domains from loops revealed functional links between repertoires of
loop prototypes and folded structural domains (Aziz et al., 2023). The
chronologies of domain structures and architectures unravel, in turn,
emergence of major fold types, such as barrels, sandwiches, and bundles,
followed by their involvement in higher order assemblies and combi-
nations coincided with further evolution and diversification of their
functions (Caetano-Anolles et al., 2021).

3. Conclusions

An understanding of the protein function that would allow one to
perform de novo design should be based on the knowledge of its basic
elementary units with structural or catalytic roles that they perform and,
desirably, on the understanding of physical and evolutionary mecha-
nisms of their evolutionary persistence. Only several dozens of distinct
chemical roles of catalytic residues, making about 400 functional
mechanism that underlie some 5000 currently know biochemical
transformations, call for the detail study of corresponding units of pro-
teins (Goncearenco and Berezovsky, 2015). Based on a common agree-
ment that interactions between the nucleic acids and proteins were
present in the very beginning and had facilitated Origin of Life, we
reviewed and analyzed here one of the most common and ancient
functions — the phosphate binding. Already early works on a very limited
data showed diversity of roles (Goncearenco and Berezovsky, 2010,
2015; Longo et al., 2020a, 2020b) playing by the phosphate binding and

by the relevant ligands/co-factors (Dym and Eisenberg, 2001; Denes-
siouk et al., 2001). The common origin of this elementary function was
discussed from the perspective of both structure and function, pointing
to B-a-f closed loop (Berezovsky et al., 2000, 2017b; Berezovsky and
Trifonov, 2001a) as a potential first structural carrier of the short
phosphate binding signature (Goncearenco and Berezovsky, 2010, 2015;
Longo et al., 2020b), which is still detectable in modern proteins
(Berezovsky, 2019; Goncearenco and Berezovsky, 2012; Schneider et al.,
2006; Laurino et al., 2016; Longo et al., 2020a). It was also shown that
phosphate binding became an element of diverse biochemical function,
contributing weak helicase activity (Vyas et al., 2021), providing
transfer of the phosphoryl group (Vyas et al., 2023), and being com-
plemented by other elementary functions (Berezovsky et al., 2003a,
2003b; Gruic-Sovulj et al., 2022; Longo et al., 2022b). Based on
numerous works illuminating the sequence/structure determinants,
enzymatic and other biochemical reactions it is part of, we reconstructed
the most ancient, simplest, and versatile prototype from which this
elementary function apparently started.

The biophysical perspective on the emergence and early evolution of
protein structure and function supports the model of building complex
multistep biochemical transformation from simple reactions provided
by elementary units (Goncearenco and Berezovsky, 2015; Berezovsky
et al., 2000, 2017b). It proposes the loop closure based on the polymer
nature of protein polypeptide chains as an advantageous event in pre-
biotic evolution, which resulted in the emergence of the first ring-like
peptides with elementary functions (Goncearenco and Berezovsky,
2015; Romero Romero and Rabin, 2016; Eck and Dayhoff, 1966; Bere-
zovsky et al., 2017b). They later formed first functional protein folds
(Goncearenco and Berezovsky, 2015; Berezovsky et al., 2017b) thanks to
fusion of respective small genes (Romero Romero and Rabin, 2016; Eck
and Dayhoff, 1966; Trifonov and Berezovsky, 2003). The most common
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p-a-p structural unit discovered almost 50 years ago (Levitt and Chothia,
1976) and properly appreciated in recent works as the major element
carrying the phosphate binding in modern proteins (Laurino et al., 2016;
Longo et al., 2020a) resembles the descendant of one of the first prebi-
otic functional ring-like peptides (Goncearenco and Berezovsky, 2015;
Berezovsky et al., 2000, 2017b).

How did these first primitive enzymes look like? What were their
sequences that gave rise to the current repertoire, providing the speci-
ficity and diversity of structures and functions? In attempt to answer
these questions, we performed here a simple computational experiment,
reconstructing the most basic, ancient prototype of the phosphate
binding elementary function. Resulting prototype appeared to be Gly-
rich in agreement with earlier conclusions on the origin and evolution
of the genetic code and the temporal order of amino acids (Trifonov,
1999, 2000). Several other, non-glycine amino acids presented in the
prototype, such as alanine and valine, occupying many positions of the
prototype are also ancient ones according to the amino acid chronology
(Trifonov et al., 2001; Trifonov, 2000). This simplified signature
determined a high versatility of the evolutionary design, allowing it to
perform simple functions (e.g helicase (Vyas et al., 2021) or phosphoryl
transfer (Vyas et al., 2023)) or binding of different ligands, cofactors, or
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providing a handle for the other substrate binding (Goncearenco and
Berezovsky, 2010, 2015; Laurino et al., 2016; Longo et al., 2020a). Such
function-binding duality possessed by presumed ancient functional
peptides agrees with one of the most recent ideas of uniform binding
proposed by Dan Tawfik. The latter shows that presence of “chemis-
try-first” or “substrate-binding-first” in the beginning of protein evolu-
tion provided a critical versatility of the evolutionary design and
resulted in a diversity of contemporary protein functions (Noor et al.,
2022). It remains to be seen how this exciting idea will be further sup-
ported, developed, and used, enriching the modern engineering and
design of new proteins (Vyas et al., 2021, 2023; Romero et al., 2018).
Finally, one may ask a question why to worry about so distant past in
the times of the AlphaFold (Varadi et al., 2022), trying to go back four
billion years to only find a very simple, rather primitive peptides per-
forming very basic functions? The answer is that for millions of proteins
with fine-tuned functions specific to different organisms and their life
styles, there are only about 5000 biochemical transformations (Bairoch,
2000) provided by about 400 unique mechanism (Holliday et al., 2012),
which, in turn, determined by about 30 basic chemical roles of catalytic
amino acids (Holliday et al., 2005; Andreini et al., 2009). Therefore,
starting from consideration of a very limited repertoire of basic
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elementary functions, using the most generic, hence versatile for future
design and tuning, sequences and structures possessing these functions,
the whole diversity of contemporary biological functions can be ob-
tained. The repertoire of evolutionary selected and weathered diversity
of functions can be used together with and complemented by the
AlphaFold predictions may strongly facilitates rational design of desir-
able protein functions. The “back in time” travel here showed only one,
but excellent example of simple elementary function arrived from a
prebiotic world and turned into a cornerstone of multiple protein
functions. It shows a great importance of the early protein evolution
studies, which can facilitate not only engineering and de novo design of
functions, but can also be instructive in introducing not yet fully
appreciated and used mechanisms of their regulation (Guarnera and
Berezovsky, 2016, 2019a, 2019b; Tee et al., 2021, 2022; Berezovsky and
Nussinov, 2022).
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The interaction frequencies are represented by the heights of the bars
and the ligand moieties are coded by the colours (blue — phosphate;
orange - sugar; magenta - base). Most of the positions of the nucleotide-
binding profile are involved in conserved interactions with phosphate
groups, only first glycine interacts with the sugar. The histograms show
the highest frequency contacts observed between residues of signatures
and atoms of bound ligands. In case of the dinucleotide-containing
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ligands, only two central positions are in conserved interactions with the
phosphate group, whereas first two positions interact with sugar and last
two positions — with base.
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